The deposition of manganese in a water distribution system with manganese-related "dirty water" problems was studied over a 1-year period. Four monitoring laboratories with Robbins biofilm sampling devices fitted to the water mains were used to correlate the relationship among manganese deposition, the level of manganese in the water, and the chlorination conditions. Manganese deposition occurred by both chemical and microbial processes. Chemical deposition occurred when Mn(II) not removed during water treatment penetrated the filters and entered the distribution system, where it was oxidized by chlorine and chlorine dioxide used for disinfection. Microbial deposition occurred in areas with insufficient chlorination to control the growth of manganese-depositing biofilm. At 0.05 mg of Mn(II) per liter, the chemical deposition rate was much greater than microbial deposition. Significant deposition occurred at 0.03 mg of manganese per liter, and dirty water complaints were not eliminated until manganese levels were continuously <0.02 mg/liter and chlorination levels were >0.2 mg/liter. A guideline level of 0.01 mg of manganese per liter is recommended.
Manganese is the second most abundant metal in the earth's crust after iron (10) . Like iron, manganese is regarded as a nuisance rather than a toxic component of drinking water (24, 25) . However, the presence of manganese in raw water presents special problems for water treatment authorities because, unlike iron, manganese is not oxidized by air at neutral pH and is not removed during water treatment processes unless a chemical oxidation step is included.
The presence of even low levels of manganese in reticulated water may result in deposition of manganese oxides on pipeline surfaces (1, 3, 4, 24, 25) . These deposits cause restriction of water flow and in hydroelectric pipelines result in head loss at the turbines due to increased frictional forces at the surface (3, 11, 14, 20, 21) .
In drinking-water distribution systems, sloughing of manganese oxide deposits results in water of poor aesthetic quality which has a brown-black color and undesirable taste and which causes staining of fixtures, equipment, swimming pools, and laundry (1, 3, 12, 19, 24, 25) . Such problems are widespread (5, 13) .
To control these manganese-related problems in water distribution systems, water-regulatory bodies set recommended levels. Most water authorities adhere to the World Health Organization recommended level of 0.05 mg/liter (23) . This level is a compromise value set primarily to minimize staining. There is little published experimental evidence available to support the designation of recommended levels, which vary widely (Table 1) .
In this paper, we report the results of an investigation of manganese deposition in a water distribution system with a history of manganese-related consumer complaints.
MATERIALS AND METHODS Study location. The study was undertaken at the Gold Coast, 100 km south of Brisbane, Queensland, Australia. Following the commissioning in 1983 of the Molendinar water treatment plant, which draws water from the Hinze dam, sporadic occurrences of manganese-related "dirty water" have occurred. The problem was particularly acute during the summer period, December through March. The Molendinar water treatment plant is a 100-megaliters/day plant that uses alum coagulation, sedimentation, and sand filtration followed by disinfection by chlorine and chlorine dioxide. Since 9 January 1986, settled water has been treated with chlorine dioxide prior to filtration to oxidize and remove manganese.
Monitoring laboratories. Four monitoring laboratories were established at points along the distribution system ( Fig.  1 ) to represent the range of conditions. The first monitoring point was at Molendinar immediately after the clear water reservoir at the water treatment plant. The second point was at Chevron Island approximately 7.5 km from Molendinar. The third point was located at Anglers Paradise approximately 10 km from Molendinar and was near to the northern extremity of the distribution system. These three laboratories were sited directly adjacent to 300-mm-diameter trunk mains so that the water studied closely approximated the conditions in the trunk mains at each point. The fourth laboratory was sited at Coombabah on a 225-mm-diameter distribution main with low flow and poor residual chlorination. The commissioning of the monitoring laboratories was staggered, and the periods of monitoring are shown in Table   3 .
Experimental apparatus. Experiments on biofilm development and manganese deposition were conducted with Robbins biofilm sampling devices (6) previously (18) . Sample stubs were removed weekly, and the deposited manganese and biofilm were removed from the surface of the stubs by scraping and washing with jets of distilled water from a 10-ml syringe with a 21-gauge needle. Manganese was analyzed in a Varian atomic absorption spectrophotometer (model AA1275; Varian, Australia) fitted with a graphite furnace. The detection limit was 10 pLg/liter, with a relative standard deviation of 5%.
Microbial colonization. The adhesion of microbial cells to sampling stub surfaces was examined by scanning electron microscopy as described previously (15) . Stubs were removed and placed in 3% glutaraldehyde for 1.5 h and then dehydrated in 25, 50, 85, 95, and 100% ethanol series. The stubs were then transferred to a 50% amylacetate-ethanol mixture and then into amylacetate. The preparations were critical-point dried, sputter coated with gold in a partial argon atmosphere, and examined in a Philips SEM505 scanning electron microscope.
Identification of manganese-oxidizing bacteria. Manganeseoxidizing bacteria were grown from biofilm on sampling stubs by plating on PC medium (20) . PC medium contained 0.005% yeast extract (Difco Laboratories) and 0.002% MnSO4 4H20. The medium was solidified with 2% BactoAgar (Difco) and sterilized by autoclaving at 121°C for 15 min. The cultures were isolated and identified, and this work has been published elsewhere (16) (17) (18) .
Chemical analyses. The physical and chemical characteristics of the water shown in Table 2 
RESULTS
Physicochemical characteristics of the water. The physicochemical characteristics of the water leaving the Molendinar water treatment plant during the total study period are given in Table 2 . On average, the water quality during this period easily met the recommended levels for all parameters except manganese levels at certain times and chlorination levels in some areas of the distribution system. The mean values of selected physicochemical characteristics of water at the monitoring points in the distribution system are given in Table 3 . The levels of manganese in the water at the four monitoring points are shown in Fig. 2 . Chlorination levels are shown in Fig. 3 .
Monitoring of manganese levels began on 25 February 1986 after a major period of dirty-water complaints in the December-January period. A second period of complaints occurred during March 1986 when manganese entering the system at Molendinar was at the 0.15-to 0.2-mg/liter level. Manganese levels returned to 0.01 mg/liter in May 1986, but it took until September for manganese levels in the system to equilibrate. Manganese levels at Molendinar were between 0.01 and 0.02 mg/liter for the remainder of the study. However, sporadic events of high manganese levels occurred throughout the distribution system during the 1986-1987 summer period. The particulate nature of the manganese indicated that this manganese resulted from detachment of pipeline deposits.
Chlorination levels were high and erratic during the early part of the study because of inexperience with chlorine dioxide. There was a steady decrease in chlorination levels during the year to more desirable levels. The levels at Chevron Island and Anglers Paradise ( Fig. 3 and Table 3) were typical of conditions in the distribution system. Experience at Coombabah indicated that adequate chlorination levels were only achieved infrequently when higher than normal flow occurred in this distribution main.
Particulate matter. To achieve a better understanding of the nature of the particulate matter in the distribution system and the significance of this material in the deposition of manganese, 5-rim filters were installed at each monitoring laboratory. EDX elemental analysis of the particulate matter showed that there was a great deal of uniformity throughout the distribution system. The analyses showed that the major metals in the particulate matter were manganese, iron, calcium, aluminium, and silica.
Gravimetric analysis of particulate matter revealed that it contained approximately 20 to 32% volatile solids, 2 to 9% aluminium, 6 to 12% silica and insolubles, 2 to 10% calcium, 2 to 8% manganese, and 16 to 31% iron during the period sampled (Table 4) . During this period, the water leaving Molendinar averaged 0.01 mg of total manganese and 0.015 mg of total iron per liter. The proportion of manganese in the particulate matter increased as the water travelled through the distribution system to Chevron Island and Anglers Paradise, while the proportion of iron decreased. This observation is consistent with the fact that biofilm development is controlled by the net balance of attachment and detachment due to shearing. The manganese deposited in the biofilm during previous periods of high manganese was being replaced by iron in a period when iron was higher than manganese in the water stream.
Microscopic examination of particulate matter (Fig. 4 ) showed that at Molendinar ( 4D ). Deposition of manganese in the distribution system. Microbial manganese-depositing biofilm was only observed at Coombabah and only during periods of zero chlorination ( Fig. SA and B) . The dominant manganese-depositing microorganisms were Pedomicrobium manganicum and a Metallogenium sp. (16) (17) (18) . A diverse range of other microorganisms was also observed in the biofilm (Fig. SC, D , E, and F).
The need to maintain chlorination residuals in the distribution system can be clearly seen by following the progress of manganese deposition at Coombabah (Fig. 6 ) with chlorination levels (Fig. 3) dioxide was used at the Molendinar treatment plant to oxidize Mn(II) by dosing settled water prior to filtration. A breakdown in the chlorine dioxide generator allowed Mn(II) to penetrate the filters. The Mn(II) was immediately oxidized by the chlorine used for disinfection in the distribution system, and the manganese oxide formed was deposited as a coating on the pipe surface. Figure 8 shows the appearance of the chemically deposited manganese oxide coating free of the microorganisms which characterize microbial manganese deposits (Fig. 5) . EDX elemental analysis of the manganese oxide coating showed that the major metals codeposited with the manganese were aluminium, silica, calcium, iron, and copper (Fig. 9) . The chlorine demand associated with the oxidation of the Mn(II) and organic compounds not oxidized by prechlorination is shown by the reduction in chlorine levels in the distribution system at Molendinar, which returned to normal when chlorine dioxide treatment resumed.
There was some evidence that deposited manganese eroded slightly during November and December 1986 after a long period of low aqueous manganese levels. However, some manganese deposition occurred again during January even though average manganese levels did not exceed 0.01 mg/liter. During this period, iron levels entering the distribution system were higher than before and iron deposition occurred throughout the distribution system. Iron and manganese can bind strongly, and it is possible that codeposition of iron and manganese occurred. ments were conducted to model the effect of chlorination levels on manganese oxidation and deposition to simulate conditions in the distribution system. Experiments were conducted in a bank of Robbins devices. Water was passed through at a velocity of 0.5 m/s. Various chlorination conditions were achieved by dosing of chlorine and chlorine dioxide, and manganese levels were maintained at 0.05 mg/liter by dosing with manganous sulfate prior to chlorination.
The results of these experiments (Fig. 10) showed that the chemical deposition of manganese increased markedly when chlorine levels were increased from 0.2 to 0.5 mg/liter. It (Fig. 10 and 11 biological deposition may be made from the data presented in Fig. 12 . It can be seen that after 28 days the chemical deposition with 0.5 mg of chlorine per liter was approximately 80 times higher than the biological deposition in the nonchlorinated treated water control. The 4 months for the biologically deposited manganese levels in the untreated water system to reach the levels chemically deposited with 0.5 mg of chlorine per liter in 1 month. Gravimetric analysis of manganese oxide coatings developed experimentally under different chlorination levels are shown in Table 5 . Comparison with the composition of coatings from the distribution system near the treatment plant and the coating which occurred in the Robbins device in July 1986 (Fig. 7, 8B , and 9) at Molendinar showed considerable overall similarity and indicated deposition by a common process. 
DISCUSSION
The deposition of manganese and iron in drinking-water distribution systems is a widespread problem facing water authorities (1, 3-5, 11, 13) . The consequences of manganese and iron deposition are the restriction of water flow in pipelines and the reduction in aesthetic quality of the water when the deposits slough off (1, 3, 19, 24, 25) . Such events reduce the acceptability of water by consumers because of the brown-black turbidity of metal oxides which settle out on standing and the staining characteristics, particularly of laundry and fixtures.
Manganese has some unique properties which must be taken into account when assessing the processes of manganese and iron deposition. First, at neutral pH, unlike iron, manganese is not removed during water treatment unless a chemical oxidation step is included. Second, manganese oxides strongly adsorb divalent metal ions, including iron (7). Consequently, the composition of pipeline deposits alone cannot be used to determine the cause of metal oxide deposits and the relationship to water quality. Other factors such as chlorination levels and microbial biofilms may also be involved.
The current study has used in situ ecological techniques to monitor manganese deposition rates in relation to manganese levels entering the distribution system to determine desirable concentrations below which manganese deposition may be controlled.
Manganese oxidation and deposition occurred by both chemical and microbial processes. Chemical deposition occurred when Mn(II) which was not removed from the untreated water during treatment entered the distribution system and was oxidized by chlorine and chlorine dioxide used for disinfection. Modelling experiments showed that the presence of chlorine dioxide had a beneficial effect and reduced the rate of deposition. The reason for this is unknown but may be related to the oxidation states of the manganese oxide.
The experimental results showed that manganese deposition decreased with distance from the treatment plant, indicating that the progression of manganese deposition through the distribution system was affected by the concentration of manganese and the capacity of the pipeline surface to adsorb the manganese oxide. This capacity depends on VOL. 56, 1990 on levels continuously exceeded 0.02 mg/liter. However, in the distribution system served by the Mudgeeraba water treatment plant in which consumers were more distant from the plant, there was a delay of a few days before dirty water was received and the slightly higher level of 0.04 mg/liter could be tolerated (19) .
Microbial manganese oxidation and deposition occurred in areas of the distribution system with insufficient chlorination to control biofilm growth of the manganese-oxidizing budding hyphal bacteria P. manganicum and Metallogenium sp. These microorganisms were shown to be the dominant manganese-depositing bacteria in high-water-velocity conditions (18) .
The isolation of P. manganicum from dirty water sediments and from biofilm developed on the surface of sample stubs in Robbins devices at the Coombabah monitoring laboratory demonstrated the relationship between manganese-depositing biofilm in the distribution system and dirty water (16, 17) .
Tyler and Marshall (20, 21) isolated cultures of manganese-oxidizing budding hyphal bacteria from hydroelectric pipelines and identified them as a Hyphomicrobium sp. However, the cultures of P. manganicum isolated from drinking-water distribution systems could be differentiated from Tyler and Marshall's strain T37 on a number of morphological, physiological, and genetic characteristics (17 (1), who also reported that the Canadian objective limit and the American Water Works Association goal level was 0.01 mg/liter. When setting guideline values for manganese, authorities also take into consideration the difficulty in treating it out to levels below 0.05 mg/liter (4, 9, 24, 25) while recognizing that deposition and consequent aesthetic quality problems occur well below that value.
However, developments in water treatment technology have made it possible to treat manganese out to much lower levels. In the water distribution system under study, dosing of chlorine dioxide prior to filtration has allowed compliance with the recommended 0.01-mg/liter guideline level except for a few transient increases. Manganese deposition has been under control for a 2-year period since April 1986 and has resulted in the production of high aesthetic quality water free of manganese-related consumer complaints.
